Reversible phosphorylation is a key mechanism for regulating protein function. Thus it is of high interest to know which kinase can phosphorylate which proteins. Comprehensive information about phosphorylation sites in Arabidopsis proteins is hosted within the PhosPhAt database (http://phosphat. mpimp-golm.mpg.de). However, our knowledge of the kinases that phosphorylate those sites is dispersed throughout the literature and very difficult to access, particularly for investigators seeking to interpret large scale and high-throughput experiments. Therefore, we aimed to compile information on kinase-substrate interactions and kinasespecific regulatory information and make this available via a new functionality embedded in PhosPhAt. Our approach involved systematic surveying of the literature for regulatory information on the members of the major kinase families in Arabidopsis thaliana, such as CDPKs, MPK(KK)s, AGC kinases and SnRKs, as well as individual kinases from other families. To date, we have researched more than 4450 kinase-related publications, which collectively contain information on about 289 kinases. Users can now query the PhosPhAt database not only for experimental and predicted phosphorylation sites of individual proteins, but also for known substrates for a given kinase or kinase family. Further developments include addition of new phosphorylation sites and visualization of clustered phosphorylation events, known as phosphorylation hotspots.
INTRODUCTION
Regulation of protein activity is a basic necessity for each organism and it is required for functional signaling pathways and metabolism. Activity as well as targeting or interaction with other proteins can be regulated by post-translational modifications. The literature currently describes more than 300 different and substrate-specific modifications of plant proteins (1) , underlining the importance of post-translational regulatory mechanisms for studies of plant growth and development as well as their adaptation to stress.
Phosphorylation is one of the most widespread protein modifications and is crucial in signal transduction. Phosphorylation is reversible and catalysed by kinases, which transfer a phosphoryl group from ATP to the hydroxyl group of specific serine, threonine or tyrosine residues within their target proteins (2) . In 1987, Hunter postulated that mammalian genomes would encode around 1000 protein kinases (3) . Fifteen years later, after sequencing of the human genome, Manning et al. (4) identified 518 kinases (representing <2% of all protein-coding genes in the human genome), which is about half of the initially predicted number of kinases. In contrast, in plants the sequencing of the Arabidopsis genome revealed a remarkable number of around 1000 protein kinase genes, which constitute about 4% of the Arabidopsis genome (2) . Additionally, 17 histidine kinases with functionalities resembling the prokaryotic two-component phospho-relay system were identified in the Arabidopsis genome (5) .
Plant protein kinases can be grouped in two paraphyletic groups: a larger group of around 600 receptor-like protein kinases (RLKs) and a smaller group of around 400 non-RLK kinases. The biological functions of the majority of RLKs are still poorly understood (6) . However, the non-RLK kinases have been relatively well studied, providing information about various aspects of their functions. Some of the kinase families found in plants are clearly related to animal and protozoan kinases, but plant-specific kinases have also been identified. Major groups in plants are the CDPK-SnRK superfamily of protein kinases (7) , the three subfamilies of mitogen-activated kinases (8) , the AGC kinases (9) , the cyclin-dependent protein kinases and the shaggy-like/ GSK3 kinases (10) .
During the past decade many phosphorylation sites in plant proteins have been identified, especially by mass spectrometry-based large-scale experiments investigating various stress conditions (11) (12) (13) . In 2007, the PhosPhAt database was launched as a (publicly available?) resource that consolidates our current knowledge of phosphorylation sites identified by mass spectroscopy in the model plant Arabidopsis thaliana (14) . In 2010, a new module was introduced into the database, which enables the user to upload any protein sequence of interest and predict potential serine, threonine and tyrosine phosphorylation sites (15) . Despite these ongoing improvements to the database, one key aspect of protein phosphorylation was still missing, namely, information about which kinase can phosphorylate which amino acid residue in which proteins.
The literature offers a vast source of information about plant protein kinases-their targets, specificity, regulation, interaction partners and biological functions. Genetic experiments have provided information about the effect of knocking out specific kinases on whole plant physiology and metabolism. However, this information is not readily available in a searchable format, restricting the ability of researchers to make use of this knowledge to interpret their results, especially when dealing with large-scale experiments. Therefore, we aimed to extract information about the substrates, interactions and regulation of plant protein kinases from the literature and make it available as a structured and searchable functionality within the PhosPhAt database.
NEW AND IMPROVED FEATURES OF THE PHOSPHAT DATABASE
A new database module for PhosPhAt was created in which each kinase was paired with its targets, and the nature of each relationship as well as the site of interaction (i.e. phosphorylation sites) was specified. Furthermore, information about the biological context ('pathway') of the kinase function and a reference to the original literature was recorded.
Kinase target information
The Arabidopsis kinome consists of around 1000 kinases (16, 17) , but to date just a small proportion of them has been experimentally characterized and described in literature. We started collecting information on the five major families of non-LRR kinases, namely: (i) calcium-dependent protein kinases (CDPK); (ii) CDPK-related kinases (CDPK-RK); (iii) Snf1-related protein kinases (SnRKs); (iv) cAMP, cGMP and phospholipid-dependent protein kinases (AGCs); and (v) three groups of mitogen-activated kinases (MAPKs). The work will be extended to other kinase families in future.
The CDPK family of plant-specific kinases contains 34 predicted genes/proteins. CDPKs are calcium activated and auto-phosphorylating (7). We found literature information on 22 of the 34 family members, comprising 55 identified target proteins and 10 verified substrate phosphorylation sites. Furthermore, there are eight predicted genes encoding CDPK-related kinases (CDPK-RK), of which at least seven are expressed at the transcript level. CDPK-RKs are angiosperm-specific kinases and apparently have degenerated calcium binding sites, as they show no activation by calcium (7) . For two of these kinases, information on two target proteins was retrieved.
The Snf1 protein kinase and related kinases were initially described in yeast, and there are 38 predicted genes belonging to this family in Arabidopsis thaliana. SnRKs are divided into three subgroups: SnRK1, which is homologous to the yeast Snf1 kinase, and the plant-specific subfamilies SnRK2 and SnRK3. Three predicted genes encode SnRK1; two of them (AKIN10 and AKIN11) are expressed and extensively described in literature. We found 19 targets with seven verified phosphorylation sites for SnRK1. Ten predicted genes encode SnRK2s, including the well-studied OST1, and literature information is available for all 10 subfamily members. In total, 66 target proteins of SnRK2 phosphorylation were found, with 25 phosphorylation sites experimentally verified. The SnRK3s, for which there are 25 predicted genes in Arabidopsis, are also known as CBL interacting kinases (CIPKs) and show possible regulation by calcium via the CBL regulatory proteins (7) . We found information on 20 SnRK3s in the literature dealing with 31 protein targets and 8 verified substrate phosphorylation sites.
AGC kinases are downstream effectors of intercellular second messengers. Particularly PDK1, a phosphatidylinositol-5-phosphate binding AGC kinase can phosphorylate, and thereby activate, other AGC kinases that lie downstream of it in various signaling pathways. AGC kinases are only found in eukaryotes, and in Arabidopsis there are 39 members of this family, which fall into 6 subgroups (9). Information about 20 AGC kinases was found in the literature, describing 36 protein targets and 23 experimentally verified substrate phosphorylation sites.
Mitogen-activated protein kinases are eukaryotic kinases that form cascades for intracellular transmission of extracellular stimuli and are classified into three main groups. The MAPK kinase kinases (MAP3Ks) lie furthest upstream and are so-called because they phosphorylate and activate MAPK kinases (MAP2K). In turn, the MAP2Ks phosphorylate MPKs, which are the effector kinases that form the last step in the signaling cascade. Depending on the literature source, 60-80 genes are predicted to encode MAP3Ks in Arabidopsis, and these are clustered in two distinct classes: the STE11-like and the Raf-like kinases, based on the classification of MAP3Ks in mammals. We found published information on 13 of the Arabidopsis MAP3Ks, and 9 out of the 10 MAP2Ks. The MPKs phosphorylate non-kinase target proteins such as enzymes, ribosomal proteins and transcription factors. There are predicted to be 20 MPKs in Arabidopsis and 15 of them are characterized in the literature (8) . For the MAPK family as a whole, a total of 137 target proteins and 21 verified substrate phosphorylation sites were retrieved from literature. Information on an additional 562 possible phosphorylation targets for MAPKs, derived from peptide array experiments (18) , was also incorporated into PhosPhAt. An overview of the numbers of kinases for which information was found and the distribution of this information between the major kinase families is presented in Figure 1 .
In addition to the five major kinase families, we also systematically collected information about cysteine-rich receptor-like kinases (CRK) and other receptor-like kinases, along with kinases involved in brassinosteroid signaling. Some information on Shaggy-like/GSK3 kinases was also extracted from the literature, but in a less systematic way. All of these data are collected under the heading 'other kinases' in Figure 1 . In addition to data-mining the literature, we also extracted information on kinase target protein-protein interactions from the TAIR database (www.arabidopsis.org), kinase target-phosphorylation data from the UniProt database (www.uniprot.org). The information available from these two databases extends also to kinase families that we have not yet curated in detail.
Classification of kinase-target relationships
We used standardized vocabularies for the classification of kinases, following the principles employed for Gene Ontology (GO) and Molecular Interaction (MI) terms (19) (20) (21) . Four major types of kinase-target relationships were defined: (i) 'regulation' (including regulation at either the gene or protein level); (ii) 'activation' and 'inactivation'; (iii) 'interaction'; and (iv) 'phosphorylation' (see also 'Kinome' tab on the PhosPhAt main website). A representation of the distribution of these different relationships is shown in Figure 2 for the kinases (Figure 2A ) and the targets ( Figure 2B ).
The least-specific category is 'regulation', which refers to any relationship in which a kinase affects the expression of another protein at either the gene or protein level. Genes or proteins regulated by particular kinases were entered in our database as kinase regulation targets. We define 'gene regulation' as a direct or indirect regulation of genes by a kinase according to GO:0010468; regulation of gene expression. For the most part, these relationships have been experimentally characterized by gene expression analysis in kinase knock-out or overexpression lines (22) . The sub-category 'Protein regulation' is used when there is an experimentally verified relationship between the kinase and the target protein itself, but further information about the nature of the relationship or the involvement of other proteins is missing (GO:0065009; regulation of molecular function). Such information on protein regulation was usually derived from experiments with mutant lines or stress treatments. For example, a knock-out of the AGC kinase PINOID (At2g34650) induces an apical-to-basal shift in the intracellular localization of the PIN auxin efflux proteins (At1g73590; At5g57090) (23) , which disturbs the auxin polar transport and leads to defective organogenesis. However, this study did not resolve whether there is a direct relationship between PINOID and PIN (e.g. protein-protein interaction or phosphorylation) or if are any other proteins involved in the signal transduction that could be regulated by PINOID. Thus, in the absence of more specific information, we would classify this relationship as a 'regulation' of PIN by PINOID. However, in this particular example, later experiments showed that PINOID does indeed phosphorylate PIN1 and PIN2 (24) (25) (26) (27) .
Relationships between kinases and their targets were assigned to the second category-'activation/inactivation'-when there was experimental evidence of activation (corresponding to GO:0044093; positive regulation of molecular function) or inactivation (GO:0044092; negative regulation of molecular function) of the target at a biochemical level, but the precise nature of the regulation was not defined in the respective publication. Examples in this category include kinases that are targets of another kinase (like in the MAPK cascade) or where the activation/inactivation of a kinase occurs via a receptor protein, a phosphatase or some other regulatory factor. Within this category, the mechanism underlying the activation/inactivation of the target protein is not defined, but could include any of the following: phosphorylation, conformational change, binding of another regulatory factor or some other form of direct interaction between the kinase and its target protein. connections for the MAPK pathway (28) . It was shown that after ethylene perception, CTR1 (At5g03730; a MAP3K) activates MKK9 (At1g73500; a MAP2K) (28) . In turn, MKK9 activates the downstream MAP kinases MPK3 (At3g45640) and MPK6 (At2g43790). However, from that work it was not clear from the reported experiments if the activation of MKK9, or MPK3 and MPK6 was due to phosphorylation. We therefore classified this relationship as an 'activation' of a kinase (MAP2K) by an upstream kinase (MAP3K). In another later publication, it was shown that MKK9 can indeed 'phosphorylate' MPK6 (29), and we entered this information as a separate record to the database. In another example, experiments with the AGC kinase PDK1 (At5g04510) demonstrated that this kinase needs auto-phosphorylation for full activity (30) . Another AGC kinase, S6K2 (At3g08720), is a phosphorylation target of PDK1, and their interaction can be modulated by 14-3-3 proteins. In vitro assays containing PDK1, S6K2 and individual 14-3-3 protein isoforms revealed that 9 out of the 12 tested 14-3-3 proteins enhanced PDK1 activity and 1 suppressed its activity, but the mechanism remains unknown. We therefore classified these relationships as activation/inactivation of PDK1 by regulatory factors.
The third type of connection between kinases and their targets is by a direct 'interaction' (GO:0005515; protein binding and MI:0914; association). Protein-protein interactions, experimentally proven by classic methods like yeast-two-hybrid, pull-down assays or fluorescence overlay experiments, are often accompanied by phosphorylation of a target by the kinase, but can also have a regulatory function without covalent modification. There are many kinase interactions described in literature, but phosphorylation of the target protein been demonstrated in relatively few cases, and for the most part the nature and function of the kinase interaction remains unresolved.
The most specific category of biological relationship between a kinase and a target protein is 'phosphorylation', defined as the addition of a phosphate group to an amino acid residue in the target protein (GO:0006468; protein phosphorylation and MI:0217; phosphorylation reaction). Our definition of phosphorylation also includes Experimentally, phosphorylation was demonstrated by in vitro phosphorylation assays, or by peptide mass spectrometry after a biological treatment of a kinase knockout mutant or a kinase overexpression line. Another approach for identifying phosphorylation partners of specific kinases was through the analysis of phosphorylation sequence motifs (motif phosphorylation) (31) . Screening of a semi-degenerate peptide array, in conjunction with in silico analysis of the phosphorylated peptide sequences, has been used to define consensus target site motifs for four SnRK kinases (At3g01090; At1g60940; At5g35410; At4g33950), one CDPK (At3g57530) and the PP2C phosphatase HAB1 (At1g72770). With this information, it was possible to search the Arabidopsis proteome database to identify putative target proteins for these kinases and the HAB1 phosphatase. In addition, results from in vitro phosphorylation experiments using purified kinases on protein or peptide arrays are also included in the PhosPhAt database (32) (33) (34) (35) .
Pathway: biological context of kinase function
Kinases are involved in many different signaling and regulatory pathways. Some kinases can be quite promiscuous, having multiple targets but many, perhaps most, have very specific targets and functions. Where information on the function of a kinase is available, we assigned it to a 'pathway', based on the biological process (GO:0008150; biological process and MI:0619; pathway) it is involved in. For 33 kinases the literature-provided information about their respective pathways, but nothing about their potential targets.
Phenotypic analyses of kinase knockout mutants or overexpression lines, and knowledge of their regulatory or interaction partners, provide the most obvious sources of information about the biological functions of kinases. Such information is often already captured within the annotation of the kinase itself, or its assignment to a pathway or functional category within the MAPMAN (36) ontology, or comparable functional classifications. The 'pathway' assignments for kinases in the PhosPhAt database are based on published experimental data, such as a visible phenotype of a mutant line, or evidence of interactions or phosphorylation of target proteins that have a known function. The most common assignment was to hormone signaling pathways, of which 50% were attributed to abscisic acid signaling. Other highly represented pathways were in biotic and abiotic stress, and in development (Table 1) . Other pathway functions (not shown in Table 1 ) included cell division and proliferation, carbon, phosphate and nitrate metabolism, proteinrelated pathways and transport.
Based on MAPMAN functional categorizations (37), we defined 'signaling' as the involvement of a kinase in a signal transduction pathway initiated by a stimulus, with sub-classifications based on the nature of that stimulus: 'light', 'sugar', 'calcium', 'lipids' (myo-inositol and phosphatidic acid), 'channel regulation' and 'gravitropic response'. Signal transduction involving hormones included all upstream signals leading to hormone biosynthesis as well as downstream signals following hormone perception. The general term 'hormone signaling' was further qualified with 'biosynthesis' whenever this was clearly specified in the literature or was obvious from target information. We found kinases involved in abscisic acid-regulated pathways, auxin and auxin transport, brassinosteroid, cytokinin, ethylene, gibberellin, jasmonic acid and salicylic acid signaling. The second largest category of pathways was biotic and abiotic stress, where there is evidence that a kinase is involved in signal transduction after stress application. We divided biotic stress into more detailed sub-categories, such as 'plant defense', 'response to elicitors', 'basal and systemic acquired resistance', 'reactive oxygen species' and 'hypersensitive reaction'. Likewise, 'abiotic stress' was sub-classified into responses to 'heat or cold stress', 'osmotic stress' (including drought and salt stress), 'touch and wounding', 'light', 'alkaline stress' and 'hypoxia'. The third most common category, 'development', includes kinases shown to be involved in organ development and patterning, or more generally in regulation of growth and biomass production. The 'development' category was subdivided into reproduction and embryogenesis, seedling/cotyledon, primordia, stomata, root or flower development, senescence, floral abscission, root growth or plant growth in general, based on commonly used themes within the developmental field.
Implementation in the PhosPhAt database
The information about kinase targets can be searched via the 'kinase targets' tab in the left column by entering one or multiple Arabidopsis gene identifiers. The search results are displayed in a table format, with the query kinase in the 'kinase' column and the respective targets listed in the 'target' column. The type of relationship is specified for each target, and GO-or MI-terms describing this relationship can be visualized via a context menu in the column head. The reference to the original experimental evidence is provided through the PubMed ID number (http://www. ncbi.nlm.nih.gov/pubmed/).
By checking the selection box for one of the kinasetarget relationships, the user can then select the 'Prediction' tab to obtain a sequence view of either the kinase or its target. The protein sequence is annotated to show both predicted (highlighted in green) and experimentally determined (in bold) phosphorylation sites. Where the kinase that phosphorylates a particular residue is known, the residue is highlighted in bold orange. Phosphorylation hotspots (38) are highlighted in light green and Pfam (http://pfam.sanger.ac.uk) domains in yellow. Positioning the mouse cursor on any of the highlighted phosphorylation sites brings up additional information below the sequence, such as details of the experimentally identified peptide sequence, prediction scores or the phosphorylating kinase.
An advanced query option allows the user to search for kinase target combinations, with the search constrained to particular pathways or interaction types. Furthermore, kinase target information can be retrieved for whole kinase families through the 'kinase family' tab. Kinase target pairs in the search results page can be exported as a tab delimited text file by selecting the export option in the top-right corner. The user can choose whether to export all of the data or just the selected items from the list.
In general, information in PhosPhAt can also be queried through the MASCP Gator portal (http://gator. masc-proteomics.org/) (39) and therefore in principle can also be made part of the proposed Arabidopsis Information Portal (40, 41) .
Other updates to the PhosPhAt resource
The integration of searchable information about plant protein kinases represents a major extension of the Table 1 . Overview of the most represented 'pathways' the systematically researches kinase families are involved in Counts correspond to number of kinases within a given family, which are involved in the specific biological context (continued) PhosPhAt database, providing a valuable new resource for the science community. Some other minor modifications and additions have been made to further improve the functionality and scope of the database.
Motif search
The motif search function was already implemented in PhosPhAt (15) , but has now been made more directly accessible by introducing a separate search tab in the lefthand column. Furthermore, the new implementation allows users to input their own custom motif sequence(s) when searching the database.
Phosphorylation hotspots
Phosphorylation hotspots are regions in a protein with clustered phosphorylation sites (38) . These hotspots may have particular functions in integration of signals from different pathways and in redirecting proteins to a new intracellular location. Experimentally determined as well as predicted phosphorylation hotspots (42) are now hosted in the PhosPhAt database and are highlighted in the protein sequence view.
General update of database content
The database content of plant phosphorylation sites has been updated with information from recent large-scale phosphoproteomic studies (11-13,43,44 ).
CONCLUSION
The PhosPhAt database was initially established as a searchable repository of information about experimentally proven phosphorylation sites in plant proteins, with later developments allowing in silico prediction of phosphorylation sites. We have now greatly extended the scope of the database by integrating curated information about plant protein kinases, which has been extracted from over 4000 original publications and various databases containing genomic and proteomic data from Arabidopsis.
Following this major expansion, the user is now able to search the PhosPhAt database from two viewpoints. The first, and original, type of query is focused on knowing whether a protein of interest to the user is a target for phosphorylation. Known and predicted phosphorylation sites are displayed within the putative target protein sequence, and the search results now include any available information about the phosphorylating kinase(s). The second, and novel, type of query takes the protein kinase itself as the starting point, and provides the user with information about its targets, interaction partners, biological function and regulation, along with links to the corresponding literature sources. Considerable progress has been made in understanding brassinosteroid signaling (45) , MAP kinase cascades (8) and the role of CDPKs and SnRKs in ABA signaling (46) , and information about the Table 1 . Continued kinases involved in these pathways is collated in published reviews. However, our knowledge about the role of phosphorylation in most other signaling pathways in plant cells is fragmentary and highly dispersed, making it difficult to access from the literature. We have now compiled data for almost 300 of the predicted 1000 protein kinases in Arabidopsis from the literature and other sources, and made this information more readily available in an integrated and searchable format within the PhosPhAt database. In the future we aim to systematically extend the database to increases information about kinase families that are so far under-represented, and update existing entries as new information becomes available. We present the updated and extended PhosPhAt database as a freely available resource in the hope that it will be a valuable contribution to the scientific community, particularly in data-mining efforts and interpretation of largescale systems biology experiments.
